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One of the main reasons patients require admission to 
the intensive care unit (ICU) is the severe disruptions in 
physiology that require complicated interventions to pre-
vent or reverse clinical deterioration. Other patients, such as 
an individual who just experienced a myocardial infarction, 
may not have physiologic derangements at the time of 
admission but are at risk for signifi cant decompensation in 
the hours to days following the onset of their illness and 
require close observation. For both groups of patients, mon-
itoring of hemodynamic status is an essential element of the 
care they receive in the ICU. Although this monitoring can 
sometimes be accomplished by simply following vital signs 
and easily assessed parameters such as oxygen saturation 
and urine output, in many cases, more complicated methods 
are required to gather data that can be used to monitor the 
patient’s clinical status and guide management decisions. 

This chapter reviews the most commonly used hemody-
namic monitoring devices in the ICU. After a brief review 
of some important issues in hemodynamic monitoring, we 
consider a variety of monitoring systems, including arterial 
catheters, pulmonary artery catheters (PACs), less invasive 
hemodynamic monitors, central venous oxygen saturation 
(ScvO2) monitors, and point-of-care (POC) echocardiography. 
For each system, we review the basic operating principles, 
indications and limitations of use, complications, key issues 
in data interpretation, and evidence regarding their utility in 
patient care.

Uses and Pitfalls of Hemodynamic Monitoring

Hemodynamic monitoring has several primary uses in the 
ICU. Most commonly, the various systems provide data that 
can be used to guide volume resuscitation, titrate vasoactive 
agents, and direct changes in mechanical ventilation. For 
patients presenting in shock without a clear etiology, the 
various monitoring systems can also be used to distinguish 
between potential sources of patient instability, such as 
septic and cardiogenic shock. Finally, monitoring has the 
potential to identify changes in the patient’s status before 
they become apparent on clinical examination, thereby 
facilitating interventions that, ideally, prevent clinical 
deterioration.

Although each of these roles can be of great benefi t to the 
critically ill patient, there are also potential downsides to 
hemodynamic monitoring. As is noted below, all of the 
systems have important limitations or sources of error. 
Clinicians who fail to recognize these issues with a given 
monitoring system may act on data that are not accurate or 
applicable to their patient and, as a result, may make inap-
propriate clinical decisions. With the large volume of data 
that are available to clinicians with many of these systems, 
often on a continuous basis, there can also be a tendency to 
normalize monitoring parameters when such interventions 
may not necessarily change the patient’s overall clinical 
status to a signifi cant degree. An excellent example of this 

would be administration of fl uid boluses to achieve a preset 
central venous pressure (CVP) goal even though the patient 
is normotensive, is making adequate urine output, has no 
metabolic acidosis, and otherwise appears stable. For this 
reason, practitioners should avoid the tendency to “treat 
the numbers” and, instead, use the numbers to treat the 
patient. 

Assessing the Accuracy of Monitoring Systems

As new hemodynamic monitoring modalities enter the 
clinical arena and are increasingly used in the care of criti-
cally ill patients, clinicians must answer an important 
question: How accurate is a new system relative to another 
standard for measuring the given parameter? This question 
is vitally important as decisions made on the basis of errone-
ous data have the potential to adversely impact patient 
outcomes. For a long time, this question was answered by 
examining the correlation between the measurements from 
the different monitoring systems. This method is an insuf-
fi cient tool for evaluating device accuracy, however. As 
demonstrated in Figure 1, the data from two monitoring 
systems may correlate well with each other even though 
there is little agreement in the values generated by the two 
systems [see Figure 1]. Correlation simply implies that the 
measured values are related in some way but says nothing 
about whether the values are, in fact, the same. 

Bland-Altman analysis has been proposed and is now 
widely used as an alternative means of assessing device 
accuracy relative to a previous standard.1,2 In this analysis, 
repeated measures of a given parameter are made using 
the new and the previous monitoring system. The mean of 
the measured values is plotted on the x-axis, whereas the 
difference between the measured values is plotted on the 
y-axis. The plots derived from this approach, a representa-
tive example of which is displayed in Figure 2, provide two 
pieces of information that aid in assessing the utility of 
a monitoring modality: bias and limits of agreement [see 
Figure 2]. The bias is determined by calculating the average 
of the differences between the two measurements and pro-
vides information about the accuracy of the newer system. 
The closer the bias is to zero, the greater the agreement 
between the new modality and the previous standard. 
Whether the data from the new modality are close to the 
“true” value for a parameter is a function of how closely the 
previous monitoring modality met that standard. 

The bias ± 1.96 standard deviations defi nes what are 
referred to as the limits of agreement. The narrower these 
limits are, the greater the precision of the newer monitoring 
modality (i.e., the more likely repeated measurements of the 
parameter will yield similar values). In addition to having a 
bias that approaches zero and narrow limits of agreement, 
the ideal monitoring system should not show any system-
atic trends in the data between low and high measured 
values. For example, the spread of data points should not 
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increase at the high end of measured values compared with 
the low end. 

As noted above, Bland-Altman analysis has become the 
standard for evaluating these systems. Familiarity with this 
approach is critical for understanding the literature on 
these devices and assessing their utility in a given clinical 
situation. 

Arterial Catheters

general information

The arterial catheter is one of the most commonly used 
hemodynamic monitoring tools in the ICU and allows for 
continuous measurement of arterial pressure. The catheters 
are placed in the radial artery using a modifi ed Seldinger 
technique but can also be inserted without the use of a guide 
wire in a manner similar to that used with peripheral 
intravenous catheters. When radial artery cannulation is not 
feasible, the catheters can also be inserted into the dorsalis 
pedis, femoral, or brachial arteries, although the risk of com-
plications, such as arterial thrombosis and limb ischemia, 
increases with placement in these latter two sites. Once 
inserted, the catheter is then connected to fl uid-fi lled tubing 
that is, in turn, connected to a pressure transducer. Intra-
arterial pressure oscillations propagate fl uid waves in the 
tubing that subsequently cause movements in a diaphragm-
like structure in the transducer, which the monitoring 
system then converts to a pressure measurement and 
waveform that can be displayed on the bedside monitor. 

indications and contraindications

Arterial catheters are indicated whenever continuous 
blood pressure monitoring is desired, such as during shock 
resuscitation or for careful blood pressure control in the 
management of aortic dissection or hypertensive emer gency. 
Although not necessarily related to hemodynamic monitor-
ing, arterial catheters are also often placed when patients 
have a need for frequent arterial blood sampling to guide 
ventilator management in severe respiratory failure or 
disorders marked by severe disruptions in acid-base status.

Radial artery catheters are contraindicated in patients 
lacking adequate collateral fl ow in the ulnar artery, which 
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Figure 1 Correlation does not imply agreement. Simple correlations 
do not adequately refl ect the level of agreement between two forms of 
measurement. In the simulated data series A, measurements by the old 
and new methods show good correlation and good agreement as the 
data points fall along the line of identity. In data series B, the measure-
ments by the old and new methods are highly correlated but show 
poor agreement, with the new method consistently measuring lower 
values than the old method. 

Figure 2 Representative Bland-Altman plot. Repeated measurements are made using the two different modalities. For each pair of measure-
ments, the mean of their values is plotted on the x-axis, whereas the difference between the values is plotted on the y-axis. The bias (denoted by 
the black arrow) represents the average of the differences between the two measurement modalities. The lines denoted by blue arrows at ± 1.96 
standard deviations (SD) represent the limits of agreement. 
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can be assessed using the Allen test. In this test, the hand is 
elevated and the individual is asked to make a fi st while 
pressure is applied over both the radial and ulnar arteries. 
After 30 seconds, the fi st is opened in the elevated position 
and pressure over the ulnar artery is released. Return of 
color to the hand in under 7 seconds indicates that there is 
adequate collateral fl ow through the ulnar artery and that 
radial artery cannulation is safe to perform. Caution should 
also be exercised in patients with severe Raynaud phenom-
enon or other vascular diseases that impair distal extremity 
perfusion.3 In such patients, the femoral or brachial artery 
site can be used, although the consequences of catheter-
related thrombosis are higher with catheters in both of these 
locations. Femoral catheters pose additional problems of 
maintaining cleanliness of the insertion site and limitations 
in patient mobility. 

complications

Bleeding is a common problem associated with placement 
of arterial catheters but is usually easily controlled by ap-
plication of manual pressure. Because catheter placement 
can be challenging, particularly in those with peripheral vas-
cular disease or those experiencing severe vasoconstriction 
due to shock and/or use of vasopressors, successful catheter 
placement often requires multiple attempts at needle pas-
sage, which increases the risk of not only bleeding but 
also other complications, including peripheral nerve injury, 
pseudoaneurysms, arteriovenous malformations, and cre-
ation of intimal fl aps that predispose to thrombosis and 
distal ischemia. The available data suggest that infection is 
not as great a concern with arterial catheters as with central 
venous catheters (CVCs).4 Arterial catheters do become 
colonized to the same extent as CVCs, but the incidence of 
bloodstream infections related to these devices is lower.5,6 

issues in data interpretation 

One of the most important issues that must be addressed 
when using the data output from an arterial catheter is to 
ensure that the device is generating an appropriate blood 
pressure waveform. In particular, the user needs to be alert 
for evidence of inappropriate dampening or amplifi cation of 
the pressure oscillations in the system, which can lead to 
erroneous measurement of systolic and diastolic pressures. 
The mean pressure should not be affected. Excessive damp-
ening occurs as a result of air bubbles in the tubing, overly 
compliant tubing, kinks in the catheter, an excessive number 
of stopcocks in the tubing system, clots or fi brin formation 
at the catheter orifi ce, or low pressure in the saline bag being 
used to fl ush the system and leads to inappropriately low 
systolic and high diastolic measurements and underes-
timation of mean arterial pressure (MAP). Inappropriate 
amplifi cation of pressure oscillations, referred to as under-
dampening, occurs as a result of excessive tubing length 
between the catheter and the transducer, overly stiff tubing, 
catheter whip, and patient factors such as tachycardia and 
leads to inappropriately high systolic and low diastolic pres-
sure readings. The square wave test, during which the cath-
eter is fl ushed and the waveform is observed on release of 
the saline fl ush, can be used to identify either of these issues 
[see Figure 3].

The accuracy of arterial line measurements also depends 
on placement of the pressure transducer relative to the 
patient. The catheter should be zeroed at the level of the 
patient’s heart, a position often referred to as the phlebo-
static axis. When the patient’s position in bed is changed, the 
catheter should be rezeroed prior to any changes in manage-
ment. Failure to do so can lead to over- or underestimation 

Figure 3 Square wave test. (a) Normal return of the arterial pressure 
waveform following release of the saline fl ush consistent with appro-
priate dampening of the system. Note the presence of 1.5 to 2 narrow 
oscillations in the waveform before resumption of the normal arterial 
pressure waveform. (b) An underdampened system with multiple 
(more than two) oscillations following the saline fl ush. (c) An over-
dampened system. Note the lack of an oscillation in the waveform 
after release of the saline fl ush before resumption of the normal 
arterial pressure waveform. 
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of the true pressure depending on whether the catheter is 
below or above the level of the heart. 

The user should also be aware that the arterial pressure 
waveform varies based on the location at which the catheter 
is inserted. Whereas the MAP remains fairly constant 
between the radial, femoral, and brachial sites, systolic pres-
sure is higher and diastolic pressure is lower in more distal 
arteries, likely due to distal pulse amplifi cation and greater 
turbulence in blood fl ow due to more frequent branching in 
the distal regions of the vascular tree.7

relevant evidence

One of the key questions that is raised in regard to the 
indwelling arterial catheter is how well the measurements 
obtained by this method compare with noninvasive or cuff-
based blood pressure (NIBP) measurements, which are typ-
ically performed in the hospital using automated systems 
that measure pressure at preset time intervals. The latter 
may be preferred in some situations as they carry no risk 
of vascular injury and do not require any additional time 
on the part of the clinician but can be uncomfortable to the 
patient when very frequent blood pressure assessments are 
required. In healthy subjects, agreement between indwelling 
arterial catheters and NIBP is generally good.8 In critically ill 
patients with hemodynamic instability, however, as well as 
patients with signifi cant arrhythmias, with calcifi ed arteries, 
or on high doses of vasopressors, NIBP may be less accurate 
than an appropriately dampened arterial catheter.9,10 The 
discrepancy between NIBP and invasive measurements 
may be even more pronounced in overweight critically ill 
patients,11 when cuff size and upper arm circumference can 
underestimate NIBP measurements.10 

At present, there is no evidence in the literature that rely-
ing on an indwelling catheter rather than NIBP measure-
ments is associated with any improvements in major patient 
outcomes. 

Pulmonary Artery Catheters

general information

Following the fi rst reports describing the monitoring 
technique in 1970,12 the PAC became the mainstay of hemo-
dynamic monitoring in the ICU. Also referred to as the 
Swan-Ganz catheter after the two individuals who provided 
the original description of the technique, the PAC is inserted 
using full sterile precautions, usually immediately following 
the placement of a central venous sheath or introducer, with 
the best sites for insertion being the right internal jugular 
or left subclavian positions. Catheter insertion proceeds ac-
cording to a standard technique. Once the catheter has been 
advanced about 20 cm through the introducer sheath, the 
balloon on the tip of the catheter is infl ated and the catheter 
is advanced through the right atrium into the right ventricle 
and, eventually, into the pulmonary artery. Clinicians assess 
the position of the catheter at any stage of the insertion pro-
cess by monitoring the pressure waveforms on the bedside 
monitor. Catheter placement can also be done with fl uoro-
scopic guidance, but more often than not, bedside clinicians 
rely solely on pressure monitoring [see Figure 4]. Once the 
catheter is in the pulmonary artery, it is advanced further 
until the tip resides in the “wedge position,” in which the 
balloon is lodged in the vessel such that there is no fl ow past 
the catheter to the downstream portion of the vessel. The 
pressure measured in this position is referred to as the pul-
monary artery occlusion pressure (PAOP) and is refl ective 
of downstream left atrial pressure (LAP). It is also common-
ly called the pulmonary capillary occlusion pressure or 
“occlusion pressure” for short. Once in this position, the 
balloon is defl ated. Return of the PAOP waveform confi rms 
that the catheter tip was in the wedge position and the 
catheter can be secured in place. Throughout the insertion 
process, it is important to remain cognizant of the distance 
the catheter has been inserted as the catheter tip should pass 
important landmarks within certain distances. Excessive 

Figure 4 Pulmonary artery catheter waveforms. Typical changes in the pressure waveform as the catheter tip is advanced from the right atrium, 
to the right ventricle, into the pulmonary artery and, fi nally, into the pulmonary artery occlusion position. 
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insertion distance prior to moving past particular landmarks 
increases the risks of several complications noted below [see 
Table 1]. Care should also be taken to ensure clear commu-
nication between the individual inserting the catheter and 
the individual controlling the balloon such that the balloon 
is always infl ated when the catheter is advanced and always 

defl ated when the catheter is pulled backward. A useful 
rule of thumb is for all commands regarding the balloon to 
be clearly repeated out loud prior to any movement of the 
catheter. 

Once inserted, the PAC can be used to directly measure 
several parameters, including CVP, pulmonary artery pres-
sure, PAOP, mixed venous oxygen saturation (Sv̄O2), and 
temperature. The PAOP measures the hydrostatic pressure 
of the column of blood between the catheter and the confl u-
ence of the pulmonary veins [see Figure 5] and serves as a 
surrogate measure for LAP, which, in turn, is used to assess 
left ventricular end-diastolic volume (LVEDV).13 PAOP and 
the other pressure measurements should be performed at 
end-exhalation when intrathoracic pressure is at its lowest, 
and the user should be careful to distinguish this point of 
the respiratory cycle in the PAOP waveform based on 
whether the patient is spontaneously breathing or receiving 
mechanical ventilation [see Figure 6]. 

Cardiac output can be measured with the PAC by two 
different means. The thermodilution technique is based on 

Table 1 Landmarks during Insertion of the 
Pulmonary Artery Catheter from the Internal 
Jugular and Subclavian Vein Insertion Sites

Insertion Site
Distance to RA 
Waveform (cm)

Distance to RV 
Waveform (cm)

Distance to PA 
Waveform (cm)

Internal 
jugular vein

15–20 25–30 35–40

Left subclavian 
vein

15–25 25–35 35–45

PA = pulmonary artery; RA = right atrium; RV = right ventricle.

Alveolus

Column of Blood

Pulmonary Vein

Left Atrium

Mitral Valve (Open)

Left Ventricle

Right Ventricle

Tricuspid Valve
(Open)

Right Atrium

Transducer

Catheter

AortaPulmonary
Artery

Pulmonary Valve (Closed)

Inflated Balloon

Pulmonary Circulation

Figure 5 Principles of pulmonary artery occlusion pressure measurement. When the balloon is infl ated, fl ow through that vessel is occluded 
and the catheter records the pressure downstream of the balloon. Because there is a continuous column of blood in communication with the left 
atrium, the pressure measured in this position is a surrogate measure of left atrial pressure. 
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the indicator-dilution method, in which an indicator sub-
stance is added to circulating blood and the downstream 
change in concentration is measured to determine blood 
fl ow. In thermodilution cardiac output measurements, 
10 mL of cooled saline solution is injected through the prox-
imal port of the PAC into the right atrium. This cold fl uid 
mixes with circulating blood and fl ows past the thermistor 
on the distal end of the catheter, which records the change 
in blood temperature over time. A temperature versus time 
curve is plotted by the monitoring system, with the area 
under this curve being inversely proportional to the rate of 
blood fl ow in the pulmonary artery.14 Older catheters re-
quired manual injections of cold saline, whereas more recent 
generations of the devices can monitor cardiac output on a 
continuous basis. These continuous cardiac output catheters 
contain a heating fi lament that lies within the right ventricle 
and a thermistor located at the distal tip of the catheter. 
Pulses of heat produced by the fi lament warm the blood 
passing through the right ventricle, and the thermistor reg-
isters the change in temperature of the blood as it passes the 
catheter tip in the pulmonary artery. Similar to the tradi-
tional cardiac output measurement, the temperature decay 
curve can then be used to calculate cardiac output. Measure-
ments are taken every 30 seconds and are averaged over 
several minutes.15

Cardiac output can be also be calculated using the Fick 
equation:

Q̇ = V̇O2/(CaO2 – Cv̄O2)

where Q̇ is the cardiac output, CaO2 is the arterial oxygen 
content, and Cv̄O2  is the mixed venous oxygen content. 
CaO2 – Cv̄O2 is referred to as the arteriovenous oxygen 
content difference.

To use this technique, oxygen consumption (V̇O2) must be 
either estimated based on the patient’s body surface area or 
measured using a metabolic cart. Due to the potential errors 
inherent in prediction equations, the former is a less accu-
rate technique than the latter, although it is considerably 
easier from a logistical standpoint. The arteriovenous 
oxygen content difference can be calculated using arterial 
and mixed venous blood gases. 

Several other variables can be calculated from cardiac 
output and the directly measured parameters, including 
stroke volume (SV), systemic vascular resistance (SVR), and 
pulmonary vascular resistance (PVR). The fact that these 
variables are calculated rather than measured directly is 
potentially problematic as any errors in the pressure mea-
surements or estimates of cardiac output/cardiac index will 
be refl ected in the calculated values for SV, PVR, and SVR. 
Thermistor-tipped continuous monitoring catheters are also 
capable of measuring the end-diastolic volume index (EDVI), 
a marker of ventricular preload.

indications and contraindications

As recently as 10 to 15 years ago, there were thought to be 
a very large number of indications for the PAC, and use of 
these devices was widespread in the ICU. Following publi-
cation of multiple studies that questioned the impact of 
these devices on patient outcomes, however,16–18 use of the 
PAC has fallen off signifi cantly, and the indications are 
generally considered to be signifi cantly more limited. The 
current indications are provided in Table 2 [see Table 2]. 
Catheter use is now typically reserved for determining the 
etiology of shock, management of complicated myocardial 
infarction, post–cardiac bypass surgery patients, and severe 
pulmonary hypertension patients with hemodynamic com-
promise, with respiratory failure, or who are pregnant.19 
Contraindications to PAC insertion are listed in Table 3 [see 
Table 3].

limitations of use

The declining use of the PAC in clinical practice now rep-
resents one of its biggest limitations. As use becomes less 
frequent, trainees are not developing skills at catheter inser-
tion and data interpretation, whereas more senior physi-
cians are at risk for deterioration of previously mastered 
skills. As a result, there is increasing risk of complications 
from catheter placement and misinterpretation of data 
obtained from the monitoring system. 

Table 2 Indications for Pulmonary Artery 
Catheter Insertion

Diagnosis
Identify etiology of shock 

Management
Post–cardiac bypass surgery
Complicated myocardial infarction
Severe pulmonary hypertension (with hemodynamic 

compromise, respiratory failure, peripartum period in 
pregnancy)

Decompensated heart failure

Table 3 Contraindications to Pulmonary Artery 
Catheter Insertion

Presence of left bundle branch block
Prosthetic pulmonic or tricuspid valves
Pulmonic or tricuspid valve endocarditis
Right-sided cardiac mass

a
ExhalationExhalation

End-ExhalationInspiration Inspiration

b

Exhalation End-Exhalation Exhalation

Figure 6 Measuring pulmonary artery occlusion pressure at end-
exhalation. Pulmonary artery occlusion pressure is measured at end-
exhalation when intrapleural pressure is at its lowest value. Note 
how the position of end-exhalation in the waveform varies based on 
whether the patient is spontaneously breathing without the assistance 
of mechanical ventilation (a) or is fully supported by mechanical 
ventilation (b). 
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complications 

Patients undergoing right heart catheterization are at risk 
for all complications associated with central venous cannu-
lation, including arterial puncture or cannulation, hematoma 
formation, pneumothorax, hemothorax, and venous air 
embolism.19 Arrhythmias may also occur during insertion, 
particularly as the catheter tip moves through the right ven-
tricle. In the Fluid and Catheter Treatment Trial (FACTT), 
for example, arrhythmias occurred in 8% of patients treated 
with a PAC.18 Earlier studies reported premature ventricular 
contractions as the most common arrhythmia, occurring in 
52 to 68%,20 whereas signifi cant ventricular tachycardia or 
fi brillation requiring intervention occurred in less than 1% 
of patients.21 Right bundle branch block can also develop 
with PACs, and as a result, placement should be avoided 
if possible in patients with preexisting left bundle branch 
block, as this may predispose to development of complete 
heart block.

Other potential complications are unique to the PAC and 
include pulmonary infarction, knot formation at the tip of 
the catheter, catheter entanglement with other endovascular 
structures, and pulmonary artery rupture.21–23 The risk of 
knot formation at the catheter tip is increased when exces-
sive insertion distance is required before the catheter leaves 
the right ventricle and enters the pulmonary artery. Pulmo-
nary artery rupture is potentially lethal but rare, with a 
reported incidence of 0.03 to 0.2%.21,23,24 The risk of both rup-
ture and pulmonary infarction can be decreased by inspect-
ing the chest radiograph to ensure that the catheter tip 
resides within the middle third of the chest when the bal-
loon is in the defl ated position. The potential complications 
of PAC use are listed in Table 4 [see Table 4]. 

issues in data interpretation 

One of the most important aspects of interpreting PAC 
data is to be able to identify the various waveforms and their 
components and determine when there are problems with 
the waveforms.

Normal Waveforms
When the patient is in sinus rhythm, the right atrial pres-

sure (RAP) waveform consists of a and v waves, with the 
former representing atrial systole and the latter representing 
passive fi lling of the atrium when the tricuspid valve is 
closed. The a wave typically occurs just after the p wave 
on the electrocardiogram (ECG) and is followed by the x 
descent, which occurs as a result of atrial relaxation. The v 
wave is followed by the y descent due to the reduction in 
RAP as the tricuspid valve opens [see Figure 7].25 The PAOP 
waveform has a pattern similar to that of the right atrial 
waveform, but the waves all come at later points relative to 
the ECG due to the longer distance necessary for the pres-
sure oscillations to travel from the left atrium to the tip of 
the catheter. The a wave appears after the QRS complex, and 
the v wave occurs after the T wave.25 As discussed further 
below, the PAOP should be less than the pulmonary artery 
diastolic pressure.

The right ventricular waveform consists of a systolic peak, 
which is normally two to three times higher than the RAP, 
and a diastolic trough that is roughly equal to the mean RAP 
[see Figure 8]. The pulmonary artery waveform consists of 
a systolic peak, a dicrotic notch representing closure of the 
pulmonic valve, and a diastolic trough. The peak systolic 
pressure should come at or near the T wave on the ECG [see 
Figure 9]. The pulmonary artery waveform can be distin-
guished from the right ventricular waveform by virtue of 
the fact that the pulmonary artery waveform has a dicrotic 
notch as well as a higher diastolic pressure and a lower 
slope in diastole compared with the right ventricular 
waveform. 

Abnormal Waveforms

As with the arterial catheter discussed above, the PAC 
waveforms are all subject to over- and underdampening. 

Table 4 Complications of Pulmonary Artery 
Catheterization

Complications related to central venous cannulation
Arterial puncture
Hematoma
Arteriovenous fistula
Pseudoaneurysm formation
Thoracic duct injury
Pneumothorax
Hemothorax
Air embolism

Complications related to catheter insertion and continued use
Tachyarrhythmia
Right bundle branch block
Complete heart block
Cardiac perforation
Catheter-related thromboembolism
Catheter-related sepsis
Pulmonary infarction due to persistent wedging
Pulmonary artery rupture
Pulmonic valve insufficiency
Balloon fragmentation and embolization

ECG CVP

P

R

T

a a

x y

v
Diastole

c
Systole

Figure 7 Right atrial pressure waveform. The normal right atrial 
pressure waveform consists of two positive defl ections (a and v waves) 
and two negative defl ections (x and y waves). The a wave results from 
atrial systolic contraction followed by the x descent, representing 
atrial relaxation. The a wave comes shortly after the P wave on the 
electrocardiorgram (ECG). The v wave represents passive fi lling of the 
atria during ventricular systole, and the y descent refl ects reduction 
in atrial pressure as the atrioventricular valves open. The c wave is 
sometimes seen as a result of closure of the atrioventricular valves, 
which interrupts the x descent. CVP = central venous pressure.
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exceeds downstream pulmonary venous pressure but does 
not exceed upstream pulmonary artery pressure, and fl ow 
is dependent on the arterioalveolar pressure gradient. In 
zone 3 conditions, pulmonary artery and pulmonary venous 
pressure exceed alveolar pressure. For the PAOP to serve 
as a surrogate for LAP, the catheter tip must reside in zone 
3 conditions. Otherwise, the PAOP will refl ect alveolar 
pressure rather than the intended downstream LAP [see 
Figure 11].27 Assessing whether the catheter tip does, in fact, 
reside in zone 3 conditions can be diffi cult at the bedside, 
but available evidence suggests that most catheter tips do 
end up in the proper position in this regard.28 

Second, estimation of LAP by PAOP is done to gain 
an assessment of left ventricular end-diastolic volume, a 
marker of left ventricular preload. This relationship is only 
valid, however, if the patient has a normal mitral valve. In 
the presence of mitral stenosis, for example, LAP is elevated 
as a result of the valve stenosis rather than left ventricular 
pathology. Pulmonary veno-occlusive disease would also 
cause discrepancy between the measured PAOP and the 
true LAP.

Third, as noted above, PAOP, as well as CVP, should be 
measured at end-exhalation when intrathoracic pressure 
is closest to zero. Failure to do so can lead to large over- or 
underestimations in the PAP, particularly if there are large 
swings in intrathoracic pressure with labored spontaneous 

Figure 8 Right ventricular pressure waveform. The right ventricular 
(RV) waveform consists of a systolic peak, which is normally two to 
three times higher than the right atrial (RA) pressure, and a diastolic 
trough that is equal to the mean right atrial pressure. ECG = electro-
cardiogram.

Figure 9 Pulmonary artery pressure waveform. The pulmonary 
artery pressure waveform consists of peak systolic pressure (S), a 
dicrotic notch (n) representing closure of the pulmonic valve, and a 
diastolic trough (D). The peak systolic pressure occurs at or near the 
T wave on the electrocardiogram.

Square wave tests should be performed to rule out these 
issues prior to catheter use or any signifi cant clinical 
decisions. 

Incomplete wedging refers to an abnormal waveform that 
can occur with attempts to move the catheter into the wedge 
position. It is identifi ed by the fact that the measured PAOP 
is equal to or above the pulmonary artery diastolic pressure 
and the absence of the characteristic a and v waves in 
the normal pressure waveform [see Figure 10, a and b]. As 
with overwedging, the PAC must be repositioned in this 
situation.

Overwedging refers to another abnormal waveform that 
occurs when the catheter tip is pushed into a vessel wall 
during attempts to pass the catheter into the wedge position. 
As fl uid is fl ushed through the catheter by the priming 
system, the fl uid has diffi culty escaping the catheter, leading 
to a gradual rise in pressure rather than assumption of the 
normal PAOP waveform [see Figure 10c]. The catheter should 
be withdrawn with the balloon defl ated before making 
another attempt to get into the wedge position. 

Potential Pitfalls of Data Interpretation

In addition to common abnormal waveforms related 
to problems in the PAC system, there are several other 
potential sources of error in data interpretation.

First, the ability of PAOP to serve as a valid surrogate for 
LAP depends on where in the lung the catheter tip resides. 
West and colleagues described three zones of pulmonary 
blood fl ow.26 In zone 1, near the lung apex, alveolar pressure 
exceeds both upstream pulmonary artery and downstream 
pulmonary venous pressures, leading to fl attened alveolar 
capillaries and lack of fl ow. In zone 2, alveolar pressure 

n
D

S

T wave

40 mm Hg

ECG RVRA

a v



Scientifi c American Medicine

02/14

pulm-crit hemodynamic monitoring in the icu — 9

breathing or mechanical ventilation. Therefore, the PAOP 
must be measured at end-expiration, when the respiratory 
system has returned to its relaxed state [see Figure 6].27

Similarly, just as fl uctuations in intrathoracic pressure 
during the respiratory cycle affect the PAOP tracing, appli-
cation of positive end-expiratory pressure (PEEP) during 
invasive mechanical ventilation may lead to overestimation 
of the PAOP if the increased alveolar pressure is transmitted 
to the vascular space. This effect is not consistent across 
individuals and, instead, varies based on pulmonary paren-
chymal compliance. For example, in acute respiratory dis-
tress syndrome (ARDS), a problem marked by decreased 
lung compliance, the effects of PEEP on PAOP may be min-
imal, whereas in cases of normal parenchymal compliance, 
PAOP may overestimate the true LAP.29 Similarly, patients 
with chronic obstructive pulmonary disease (COPD) and 
dynamic hyperinfl ation on mechanical ventilation, a phe-
nomenon referred to as auto-PEEP, may also have a falsely 
elevated PAOP due to transmission of the increased 
intrathoracic pressure to the vascular space. Transient inter-
ruption in positive pressure ventilation may permit more 
accurate assessment of LAP. 

Finally, as noted above, SVR and PVR are not directly 
measured and, instead, are calculated from other measured 
variables. As a result, the accuracy of these parameters is 
highly dependent on the accuracy of the other measured 
variables. Any error in the cardiac output measurement, for 
example, will lead to erroneous values for SVR.

relevant evidence

Despite widespread use in critically ill patients for many 
years, PAC use has declined signifi cantly in the past decade 
after multiple studies questioned its impact on patient out-
comes. A retrospective case-matched analysis by Connors 
and colleagues was one of the fi rst studies to cast doubt on 
their utility by demonstrating that PAC use in critically ill 
adults was associated with increased 30-day mortality (odds 
ratio 1.24, 95% confi dence interval 1.03 to 1.49), increased 
resource use (mean cost per hospital stay of $493,000 versus 
$357,000, p < .001), and increased ICU length of stay (14.8 
versus 13 days, p < .001).16 After additional retrospective 
analyses failed to demonstrate improvements in patient out-
comes,30,31 subsequent prospective randomized trials have 
also failed to demonstrate a benefi t from this intervention. 
The PAC-man trial, for example, showed no difference in 
hospital mortality among medical and surgical ICU patients 
managed with or without a PAC (68% versus 66%, p = .39),32 
whereas the FACTT also demonstrated no difference in 
60-day mortality, ventilator-free days, and time spent out of 
the ICU in patients with acute lung injury when patients’ 
fl uid management was guided by PAOP as opposed to 
CVP measured via a CVC.18 PAC use was also of no added 
benefi t in hospitalized patients with symptomatic heart 
failure, a group of patients in whom PAC use was histori-
cally seen as benefi cial for titrating inotropic and afterload 
reducing agents.17 A meta-analysis by Shah and colleagues 
confi rmed the fi ndings in these and other studies by fi nding 
no differences in mortality or hospital length of stay.33 

Although these studies question the utility of the PAC in 
terms of major patient outcomes, there is also reason to 
question whether parameters measured by the PAC have 
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Figure 10 Potential pulmonary artery occlusion waveforms. (a) The 
proper waveform.  When the catheter tip is in the appropriate position 
with the balloon infl ated, the pulmonary artery occlusion pressure 
(PAOP) is less than the pulmonary artery diastolic pressure, and dis-
tinct a, c, and v waves can be seen. (b) Incomplete wedging of the 
pulmonary artery catheter. With balloon infl ation, the PAOP wave-
form is at the level of the pulmonary artery diastolic pressure and the 
waveform consists of a single positive wave. (c) Overwedging of the 
pulmonary artery catheter. With balloon infl ation (arrow), a gradual 
rise in pressure is seen instead of the expected PAOP waveform.
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Figure 11 West zones of the lung and the pulmonary artery occlusion pressure measurements. The relationship between alveolar, pulmonary 
arterial, and pulmonary venous pressure varies depending on the location of the catheter tip. When the catheter is in zone 1 or zone 2 conditions, 
the pulmonary artery occlusion pressure will refl ect alveolar pressure rather than downstream left atrial pressure, whereas when the catheter tip 
is in zone 3 conditions, the measured pulmonary artery occlusion pressure is refl ective of left atrial pressure. 

utility in particular areas of patient management. CVP and 
PAOP, for example, are commonly used to assess volume 
status and determine whether hypotensive patients should 
receive fl uid boluses or vasopressor therapy. Considerable 
recent evidence, however, suggests that these static mea-
sures of volume responsiveness do not perform as well in 
this assessment as dynamic measures, including pulse pres-
sure variation (PPV) and stroke volume variation (SVV), 
which cannot be measured by the PAC.34–36 Given the central 
role that CVP and PAOP often play in patient management, 
this is a potentially very important limitation of the 
devices. 

Less Invasive Hemodynamic Monitoring Systems

general principles

As use of the PAC has declined due to the issues described 
above, less invasive hemodynamic monitoring systems have 
increasingly entered clinical practice. Although these sys-
tems are sometimes referred to as “noninvasive” systems, 
this term is inappropriate as the devices still require inva-
sive devices, including arterial cannulas and, in some cases, 
CVCs. They are, therefore, still invasive systems but simply 
less so than the PAC. Although several less invasive systems 
that operate based on different principles are available, the 
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discussion that follows focuses on systems that rely on the 
arterial catheter to measure PPV, cardiac output, and other 
parameters as these are the most commonly used of the less 
invasive systems with the greatest amount of data available 
regarding their utility. Devices using esophageal Doppler 
probes, impedance techniques, or carbon dioxide rebreath-
ing methods are not considered. Information about these 
less commonly used systems is available elsewhere.37,38 

Like the PAC, the arterial catheter–based less invasive 
systems provide continuous assessments of cardiac output 
using a technique referred to as pulse contour analysis. In 
this method, the area under the systolic portion of the arte-
rial pressure waveform is integrated to generate an estimate 
of SV, which, when multiplied by the heart rate, provides 
an estimate of cardiac output. The specifi c algorithms used 
to make these measurements, which rely on assumptions 
of factors such as arterial compliance, vary from device to 
device and are not available to the user. As described further 
below, some of the systems employ dilution-based periodic 
measurements of cardiac output to calibrate the continuous 
output derived from pulse contour analysis or provide spot 
estimates of the parameter.

In addition to cardiac output, these devices also provide 
estimates of dynamic measures of volume responsiveness, 
including PPV and SVV. The pulse pressure is the difference 
between the systolic and the diastolic pressure. PPV can be 
calculated from the arterial pressure tracing based on the 
following equation39:

PPV 
PPV PPV

PPV PPV
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max min

max min
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Pulse pressure is directly proportional to left ventricular 
SV. In patients receiving mechanical ventilation, changes 
in intrathoracic pressure during the respiratory cycle may 
affect venous return depending on the volume status of the 
patient and, as a result, may cause changes in SV and pulse 
pressure. The greater the variation in pulse pressure through 
the respiratory cycle, the more likely the patient is to 
respond to fl uid administration.40 Michard and colleagues, 
for example, reported that PPV greater than or equal to 13% 
discriminated between fl uid responders and nonresponders 
with a sensitivity and specifi city of 94% and 96%, respec-
tively, where fl uid responsiveness was defi ned as a 15% 

or greater increase in cardiac index in response to volume 
expansion with 500 mL.41 

SV can be estimated from the arterial pressure waveform 
by integrating the area under the systolic portion of the 
waveform. Variation over the course of the respiratory cycle 
can then be used to determine SVV using the following 
equation39:

SVV 
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Similar to PPV, the greater the variation in SV during the 
respiratory cycle, the more likely the patient is to respond to 
fl uid administration. Berkenstadt and colleagues reported 
that SVV greater than or equal to 9.5% discriminated 
between fl uid responders and nonresponders, where fl uid 
responsiveness was defi ned as a 5% or greater increase in 
SV in response to volume expansion with 100 mL of 6% 
hydroxyethyl starch.42 The sensitivity and specifi city of this 
cut point were 79% and 93%, respectively.

These basic principles apply across all of the arterial 
catheter–based less invasive systems. There are, however, 
differences between the three commonly used systems, 
which are described further below. Generally, a hospital will 
have one of the three systems in its ICU, and the clinician 
will become familiar with that particular device [see Table 5].

The LiDCO Plus 

The LiDCO Plus (LiDCO Ltd, Cambridge, UK) consists of 
two components, the PulseCO and LiDCO systems. The 
PulseCO system uses arterial waveform analysis to measure 
cardiac output continuously and provide assessments of 
SSV and PPV.43 The LiDCO system uses the bolus indicator 
dilution method to calibrate the PulseCO system or provide 
point estimates of cardiac output. Subpharmacologic doses 
of lithium are injected into the venous circulation, and the 
decay in lithium concentration is measured at the arterial 
catheter. The change in the concentration of lithium over 
time is then converted to a cardiac output measurement. If 
this system is just used to measure PPV, an arterial catheter 
is the only required indwelling device. Placement of a CVC 
has been recommended to facilitate calibration for cardiac 
output measurements,43 although some data also suggest 

Table 5 Comparison of Less Invasive Hemodynamic Monitors
System Required Equipment Measured Variables Calibration Requirements

LiDCO Plus CVC (optional)
Arterial catheter

CO
SVV
PPV

Lithium bolus indicator dilution every 8 hours, with 
significant hemodynamic change, and before any big 
change in management

FloTrac Arterial catheter CO
SVV
SVR

None

PiCCO CVC
Propietary arterial catheter

CO
SVV
PPV
EVLW
GEDV

Saline thermodilution up to every hour depending on the 
hemodynamic status of the patient

CO = cardiac output; CVC = central venous catheter; EVLW = extravascular lung water; 
GEDV = global end-diastolic volume; PPV = pulse pressure variation; SVR = systemic vascular resistance; SVV = stroke volume variation.
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that peripheral intravenous catheters can be used for these 
measurements as well.44

Device calibration is recommended every 8 hours, with 
any signifi cant changes in hemodynamic status, and before 
any big change in patient management.43 Despite the manu-
facturer’s claim that calibration is a rapid process, in clinical 
practice, it can be time-consuming, even for experienced 
nurses. In response to this, the manufacturer released the 
LiDCOrapid system, which does not require calibration.43

The LiDCO system provides estimates of cardiac output, 
SV, PPV, and SVV. Measurements of cardiac output rely on 
estimates of aortic capacitance derived from the patient’s 
height, weight, and age, as well as estimates of arterial 
compliance. In addition, this system can also provide esti-
mates of oxygen delivery (ḊO2), V̇O2, and venous oxygen 
saturation.

PiCCO 

The PiCCO system (Pulsion Medical Systems, Munich, 
Germany) also uses arterial waveform analysis, although the 
algorithm differs from the other systems. It provides cardiac 
output, PPV, and SVV measurements but also provides 
assessments of extravascular lung water (EVLW) and global 
end-diastolic volume (GEDV).45 This system requires a CVC 
and a special arterial catheter in a major artery (femoral or 
brachial) that extends into the central circulation. A stan-
dard arterial catheter in the radial or dorsalis pedis position 
cannot be used with this system. Cardiac output measure-
ments are performed using saline thermodilution across 
the pulmonary circulation with injection of cold saline in the 
CVC and measurement of temperature changes at the 
arterial catheter. These measurements can be used for spot 
assessment of this parameter or calibration of the pulse 
contour analysis, the latter of which should be performed 
as frequently as every hour in hemodynamically unstable 
patients.46

FloTrac

The FloTrac system (Edwards Lifesciences, Irving, CA) 
also uses arterial waveform analysis to continuously mea-
sure cardiac output and provide estimates of SVR and SVV.47 
The system requires an arterial line and reportedly has the 
same performance regardless of where the arterial catheter 
is placed.47,48 Rather than using an indicator dilution tech-
nique for external calibration, the device relies on an internal 
calibration algorithm based on the waveform analysis and 
demographic data such as age, gender, height, and weight. 
Although this may reduce setup time, it can also lead to 
inaccurate cardiac output measurements, particularly in 
hemodynamically unstable patients.47 In response to reports 
of inaccurate cardiac output measurements, the manu-
facturer released a software upgrade, with a reportedly 
improved algorithm intended to improve device accuracy 
over a broader range of hemodynamic conditions. Bianco-
fi ore and colleagues showed improved cardiac output 
monitoring performance with the newer system in cirrhotic 
patients undergoing liver transplantation surgery compared 
with previous versions, particularly in states of low periph-
eral vascular resistance, but the device still showed wide 
limits of agreement on Bland-Altman analysis, suggesting 
that it was still not up to current standards of reliability.49

indications and contraindications

In general, the less invasive systems can be employed in 
any situation in which information regarding the patient’s 
hemodynamic status is sought, but there are no situations 
that require use of these devices and specifi c indications 
have not been described in the literature. Given the utility of 
PPV and SVV in predicting volume responsiveness com-
pared with CVP,34,35 perhaps the most common reason for 
inserting these devices will be to guide fl uid and vasopres-
sor management in patients with shock. Assessment of 
cardiac output will be another common use.

The devices are considered contraindicated in any patient 
with contraindications to arterial catheter or CVC place-
ment. Because PPV and SVV have been validated only in 
patients receiving mechanical ventilation, the system should 
not be used to measure these parameters in spontaneously 
breathing patients. Cardiac output measurements are still 
considered valid in the spontaneously breathing patient, 
however.

limitations of use

There are several important limitations with the less inva-
sive monitoring systems. First, because they all rely on the 
arterial catheter and arterial waveform analysis to generate 
data, overdampening of the arterial signal or signifi cant dys-
rhythmias will adversely affect the accuracy of the systems.47 
These systems should not be used to monitor PPV in pa-
tients with atrial fi brillation as alterations in chamber fi lling 
time with each cardiac contraction will affect PPV beyond 
the variation expected with respiratory cycle–induced 
changes in venous return and intrathoracic volume. Simi-
larly, other factors that affect the contour of the arterial 
waveform, such as aortic regurgitation or use of an intra-
aortic balloon pump, also preclude use of these systems.43 
The presence of signifi cant atherosclerosis may also alter ar-
terial compliance and thus alter the accuracy of PPV and CO 
measurements.45 Assessing how much this factor plays a 
role in any given patient may be diffi cult, however, as there 
is no reliable way to assess the burden of atherosclerotic 
disease in the peripheral vascular system at the bedside. 

Another limitation with the less invasive systems is that 
PPV and SVV have been validated as markers of volume 
responsiveness only in mechanically ventilated patients who 
are not initiating their own breaths to a signifi cant extent.38,45 
As a result, these parameters cannot be used to guide deci-
sions about fl uid administration in patients who are not 
receiving mechanical ventilation or who are overbreathing 
the ventilator to a signifi cant extent. The parameter has also 
not been validated in patients receiving low tidal volumes 
as part of lung protective ventilation in ARDS.50,51 

Finally, the LiDCO Plus system, in particular, cannot be 
used in patients receiving lithium for therapeutic purposes 
as the higher serum concentrations of the medication in 
these patients make it impossible to detect the very small 
changes in lithium concentrations that occur during spot 
measurements of cardiac output using this system.43 In ad-
dition, cardiac output measurements are adversely affected 
by nondepolarizing muscle relaxants as the amine groups 
on nondepolarizing muscle relaxants, such as rocuronium, 
interact with the LiDCO sensor, causing a decreased appar-
ent response to lithium.52 Measurements of cardiac output 



Scientifi c American Medicine

02/14

pulm-crit hemodynamic monitoring in the icu — 13

should not be made if the patient is receiving a continuous 
infusion of such agents.43

complications

In general, the less invasive hemodynamic monitoring 
systems use standard arterial and/or central venous cathe-
ters. As a result, the complications associated with these 
devices are essentially the same as those associated with 
placement and use of these lines. The one exception to this 
is the PiCCO system, which uses a special long arterial line 
in the femoral, brachial, or radial artery.53 Complication rates 
associated with this catheter are reported to be low. Belda 
and colleagues, for example, described experience with 514 
catheters and noted pulse loss in two cases and signs of limb 
ischemia in two cases following catheter insertion, all of 
which resolved with prompt removal of the catheters.54 

issues in data interpretation

One of the appealing aspects of the less invasive monitor-
ing systems is the ease of implementation and data interpre-
tation. In contrast to the PAC, for which the provider must 
recognize appropriate waveforms and correctly identify 
end-expiration to accurately assess CVP and PAOP, the less 
invasive hemodynamic monitors typically display absolute 
values for measured variables and do not rely on specifi c 
actions by the device user. Although this simplifi es the 
hemodynamic assessment process, there are potential pit-
falls associated with it. For example, if the user fails to 
identify certain patient characteristics noted above, such as 
atrial fi brillation or the fact that the patient is overbreathing 
the ventilator to a signifi cant extent, the measured para-
meters may not be an accurate refl ection of volume 
responsiveness. 

In addition, whereas the LiDCO system displays an 
absolute value for the PPV at any time point, the graphical 
display that accompanies the data output often demon-
strates a considerable amount of variability in the measure-
ment over time. How to interpret PPV when the displayed 
value is, for example, 15%, whereas the graphical display 
shows values well above and below that level over a given 
time period, is unclear.

Finally, the user should be careful about interpreting 
data if the device has not been calibrated frequently enough. 
The FloTrac and LiDCOrapid systems do not require cali-
bration for the cardiac output measurements, but calibration 
must be performed with the other systems described above. 
Specifi c recommendations as to the time interval for calibra-
tions vary between devices but are generally on the order of 
every 8 hours. Because of concern about the accuracy of the 
systems during periods of hemodynamic instability,47,48,55 it 
would be prudent to calibrate the device more frequently in 
the unstable patient or prior to any major changes in patient 
management. 

evidence

There are two key issues to consider when evaluating 
the utility of the less invasive hemodynamic monitoring 
systems: (1) how well the cardiac output measurements 
from these systems compare with the previous standard 
for measuring cardiac output, the PAC, and (2) whether the 
use of these devices improves management and patient 
outcomes.

With regard to the fi rst question, there have been a 
considerable number of studies comparing cardiac output 
measurements from less invasive hemodynamic monitoring 
systems with thermodilution or continuous cardiac output 
measurements obtained from the PAC. Given the large 
number of studies, it is diffi cult to review all of the data in 
this space, but, in general, the majority of trials demonstrate 
reasonable agreement between cardiac output measure-
ments from the less invasive monitoring systems and the 
PAC.44,56,57 There are several important issues, however, that 
must be taken into account when considering these data. 
First, the majority of studies tend to include small numbers 
of patients from narrow patient populations. For example, 
Belloni and colleagues studied agreement between the LiD-
CO system and the PAC in patients during coronary artery 
bypass graft surgery,58 whereas Costa and colleagues exam-
ined this issue in patients with liver disease.59 Similarly, 
many of the studies are conducted in the operating room 
setting,60 which is very different than the ICU, where 
patients may have a considerably greater degree of hemody-
namic instability. As a result, how well the particular 
devices perform in a broader population of ICU patients is 
not clear. 

Second, although most studies compare a particular less 
invasive system with the PAC, there are very few studies 
directly comparing performance between the different less 
invasive systems. In one of the few studies to address this 
question, Hadian and colleagues compared cardiac output 
measurements using PAC, LiDCO Plus, FloTrac, and PiCCO 
in 17 cardiac surgery patients in the postoperative period 
and found that although the mean cardiac output measure-
ments were in good agreement between the systems, the 
data output from the various systems trended in different 
directions in response to therapies or changes in patient 
condition, a highly problematic fi nding.57 

Third, studies examining agreement between the devices 
and PAC measurements have been conducted over many 
years. During that same time, however, device manufactur-
ers have changed the internal algorithms of their devices 
and released new versions of their systems. As a result, data 
published 10 years ago, for example, may no longer be an 
accurate refl ection of the adequacy of the measurements 
from a given system. 

All of these issues are important to consider when assess-
ing the validity of the data output from the less invasive 
systems. An equally important issue, however, is the second 
question noted above: whether use of these devices is associ-
ated with improvements in patient outcomes. At present, 
very few studies have examined this question, and the 
limited available data fail to reveal any improvements in 
outcomes such as mortality, ICU length of stay, or length of 
time on mechanical ventilation.61 This gap in the literature is 
very important. Use of the PAC declined signifi cantly when, 
as discussed earlier, evidence suggested that this system 
was not associated with improvements in patient outcomes 
and may even lead to worse patient outcomes. Given this 
situation, it is reasonable to ask whether we should be mov-
ing toward wholesale adoption of the less invasive systems 
and the costs entailed in purchasing such systems in the 
absence of any data demonstrating whether or not they 
make a signifi cant difference in patient care. 
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Venous Oxygen Saturation Monitoring

general principles

When managing patients with shock, there is a tendency 
to focus too much attention on the systolic or mean arterial 
pressure. Although these parameters certainly warrant 
attention, it is also important to consider the overall adequac y 
of ḊO2 to the tissues, denoted by

ḊO2 = Q̇ × CaO2

where ḊO2 refers to oxygen delivery, Q̇ refers to cardiac 
output, and CaO2 refers to arterial oxygen content.  

The adequacy of ḊO2 to the tissues can, in turn, be 
assessed by measuring the saturation of venous blood in the 
pulmonary circulation, referred to as the Sv̄O2. This param-
eter, as well as the Cv̄O2, will vary over time based on the 
balance between ḊO2 to the tissues, on the one hand, and 
V̇O2 in the tissues on the other [see Table 6]. For example, if 
delivery falls due to a decrease in cardiac output in the face 
of stable oxygen requirements, tissue oxygen extraction will 
increase and the Sv̄O2 will decrease.

Because measurement of Sv̄O2 requires a PAC and this de-
vice is being used less frequently in clinical practice, ScvO2, 
in which the saturation is measured in the superior vena 
cava rather than the pulmonary circulation, is now com-
monly being used as a surrogate for this parameter. Both of 
these parameters can be measured on an intermittent basis 
by performing co-oximetry on venous blood samples or on 
a continuous basis using specially designed catheters using 
a technique known as refl ection spectrophotometry.

In this method, light is emitted into the venous blood 
through a fi beroptic channel. Some of this light is refl ected 
back and recognized by a photodetector, which the internal 
algorithm of the devices then converts to the venous oxygen 
saturation. Continuous monitoring in this manner is not 
available on all CVCs and can only be accomplished using 
specialized proprietary devices such as the Presep Catheter 
(Edwards Lifesciences).62

indications and contraindications

ScvO2 monitoring can be considered in any hemodynami-
cally unstable patient or patients with severe hypoxemic 
respiratory failure. An example of the utility of ScvO2 moni-
toring in the latter group would be to assess whether mark-
edly increased levels of PEEP were causing decreased 
venous return and, as a result, decreased cardiac output and 
ḊO2. There are no explicit contraindications to measuring 
ScvO2.

limitations of use

Unlike the less invasive hemodynamic monitors discussed 
above, which require certain patient characteristics to ensure 
accurate readings of PPV, there are few specifi c situations in 
which ScvO2 cannot be used. Two groups of patients in whom 
caution should be used in interpreting data include patients 
with partial anomalous pulmonary venous connection or 
dialysis-dependent chronic kidney disease patients in whom 
the catheter tip is on the ipsilateral side of an upper extrem-
ity dialysis fi stula.63 Depending on the extent to which arte-
rialized blood enters the venous circulation in these patients, 
the ScvO2 readings may be falsely elevated and not refl ect 
the true balance between tissue ḊO2 and consumption in the 
periphery.

Technical issues may also limit the ability to use the con-
tinuous monitoring catheters. For example, positioning of 
the catheter tip against a vessel wall can impair fi beroptic 
signal quality. In addition, continuous lipid infusions 
through the distal lumen with either total parenteral 
nutrition or propofol administration can also affect signal 
quality.64 

complications 

The complications from ScvO2 monitoring are essentially 
the same as the complications associated with insertion and 
maintenance of CVCs. There are no other specifi c complica-
tions associated with the proprietary catheters capable of 
continuous monitoring, although anecdotal reports suggest 
that they can be a little more diffi cult to insert compared 
with standard CVCs, particularly from the subclavian 
position.

issues in data interpretation

Although ScvO2  is used as a surrogate for the Sv̄O2, it is 
important to remember that the former parameter should be 
higher than the latter. Given where the catheter tip lies for 
CVCs in the subclavian or internal jugular position, the ScvO2 
is refl ective of venous blood from the cephalad portion of 
the body, whereas the Sv̄O2 is refl ective of the venous blood 
from the entire body, including the abdominal cavity and its 
highly metabolically active organs, the kidney and the liver, 
which will, on average, have a lower oxygen content and 
saturation compared with the upper extremities. Sv̄O2 also 
refl ects venous return from the coronary circulation, which 
is not accounted for with ScvO2 measurements. Differences 
between the parameters may be small in hemodynamically 
stable patients but may be more extensive in shock states. 
Chawla and colleagues, for example, examined 53 medical-
surgical ICU patients and found that Sv̄O2 was lower than 
ScvO2 5.2% ± 5.1% (p < .0001),65 whereas Varpula and col-
leagues studied 16 patients with septic shock and demon-
strated that Sv̄O2 was 4.2% lower than ScvO2 (95% limits of 
agreement −8.1% to 16.5%).66 Others have reported an 
average difference between the parameters of 3 and 8%,67 
whereas Ho and colleagues demonstrated that the lack of 
agreement between ScvO2 and Sv̄O2 is worse when Sv̄O2 is 
less than 70%.68 

An important factor that can affect agreement between 
ScvO2 and Sv̄O2 is the position of the CVC tip relative to the 

Table 6 Reasons for Decreased Mixed or 
Central Venous Oxygen Saturation

Decreased oxygen delivery
Decreased cardiac output
Decreased oxygen saturation
Anemia

Increased oxygen consumption
Exercise
Increased metabolic activity (e.g., fever)
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right atrium. Kopterides and colleagues, for example, found 
that ScvO2 overestimated Sv̄O2 by 8% when the catheter tip 
was 15 cm away from the caval-atrial junction but by only 
1% when the catheter tip was advanced into the right 
atrium.69

Although ScvO2 and Sv̄O2 will not agree perfectly with 
each other, the parameters do trend in the same direction in 
response to interventions or changes in patient condition.62,70 
For this reason, the clinician should probably be concerned 
primarily with trends in the ScvO2 rather than the specifi c 
value in a given situation. 

When considering the trend in ScvO2 measurements over 
time, it is important to remember that the changes in the 
parameter may be due to one of several factors. As noted 
earlier, the ScvO2 and Sv̄O2 are refl ective of the balance 
between ḊO2 and V̇O2. For example, a decrease in ScvO2  may 
be due to decreased ḊO2 or an increase in V̇O2 in the setting 
of unchanged delivery. Similarly, although ScvO2 may be de-
creased due to decreased ḊO2, one must consider whether 
this is due to decreased cardiac output, impaired oxygen-
ation, or blood loss [see Table 6]. Similar issues come into 
play when considering increased values for ScvO2. Although 
this may be due to increased cardiac output, it could also 
result from impaired oxygen extraction in the periphery, as 
can occur in septic shock. 

evidence

Aside from the data described above regarding agreement 
between ScvO2 and Sv̄O2 measurements and smaller studies 
suggesting that ScvO2 may be a prognostic factor for mortal-
ity in postsurgical patients71 and acute heart failure,72 the 
most important evidence pertains to its use in patients with 
severe sepsis. Rivers and colleagues incorporated ScvO2 
monitoring into a protocol for early resuscitation of patients 
with septic shock and documented a signifi cant decrease in 
mortality from 46.5% in the control group to 30.5% in the 
intervention group treated according to the protocol (rela-
tive risk of death 0.58 [0.38 to 0.87], p = .009).73 A low ScvO2 
(< 70%) triggered blood transfusion if the patient was ane-
mic (hematocrit < 30%) or triggered the initiation of a dobu-
tamine infusion. Based on these results, the Surviving Sepsis 
Campaign guidelines now include ScvO2 as a resuscitation 
end point, although some have questioned its utility in this 
regard.74,75 

ScvO2 is just one of several potential resuscitation end 
points, and at present, there is no information in the litera-
ture as to which is best to guide patient management. In a 
multicenter randomized, noninferiority trial, Jones and col-
leagues compared the use of ScvO2 and lactate clearance to 
guide management in patients with septic shock or severe 
sepsis with evidence of hypoperfusion and found no differ-
ences in in-hospital mortality between patients managed 
with either of these parameters.76

Limited POC Echocardiography

general use

POC echocardiography is another monitoring modality 
whose use has increased signifi cantly in the ICU in the past 
decade as it allows for rapid assessment of cardiac function 
and volume status and provides information not available 

from other monitoring modalities, such as identifi cation of 
acute right ventricular failure, acute valvular dysfunction, 
pericardial effusion, cardiac tamponade, and aortic dissec-
tion. Traditionally, competency in complete echocardio-
graphy has required extensive, specialized training that has 
been reserved for cardiologists and echosonographers. How-
ever, recent studies have shown that with proper training, 
limited POC transthoracic echocardiography (TTE) and 
transesophageal echocardiography (TEE) can be performed 
and interpreted accurately and reliably by intensivists at the 
bedside to answer specifi c clinical questions.77–79 

When used for hemodynamic assessment, POC TTE usu-
ally involves obtaining at least four standard cardiac views 
(parasternal long axis, parasternal short axis, apical four 
chamber, and subcostal) [see Figure 12]). Together these 
views allow the user to make specifi c assessments of global 
left and right ventricular function, pericardial effusions, 
volume status, and acute valvular failure. Developing the 
skills necessary to acquire and interpret images is a time-
consuming process and requires considerably more time 
investment than use of many of the other hemodynamic 
monitoring modalities described above.

In addition to ruling out specifi c cardiac problems con-
tributing to hemodynamic instability, limited POC echocar-
diography can also be used to assess the patient’s volume 
status and assess responsiveness to volume administration. 
In spontaneously breathing patients, the diameter of the 
intra-abdominal inferior vena cava (IVC) decreases with 
inspiration as intrathoracic pressure decreases and blood 
moves from the IVC into the right side of the heart. The 
degree to which the IVC collapses can be quantifi ed by 
measuring the IVC collapsibility index, defi ned as the 
following80:

IVC collapsibility index =
D D

D
max min

max

-

where Dmax is the maximum IVC diameter and Dmin is the 
minimum IVC diameter.

In mechanically ventilated patients, IVC diameter increas-
es during inspiration due to the increased intrathoracic 
pressure with each delivered breath. In such patients, the 
IVC distensibility index can be used to predict fl uid 
responsiveness. The index can be calculated as follows81:

IVC distensibility index (dIVC) =
D D

D
max min

min

-

indications and contraindications

The primary indication for POC TTE is to quickly identify 
specifi c causes of hemodynamic instability, such as ventricu-
lar dysfunction, hypovolemia, pulmonary embolism, acute 
valvular dysfunction, cardiac tamponade, severe infective 
endocarditis, and aortic dissection and rupture, without 
having to transport the patient from the ICU to a less stable 
environment, such as the radiology suite. Each of these 
indications requires adequate ultrasound training.82 

In more than 80% of cases, limited POC TTE is suffi cient 
to answer the specifi c clinical questions that arise in the ICU 
setting. However, there are specifi c instances for which TEE 
is the more appropriate study.82 This would include situa-
tions where (1) high image quality is vital, such as aortic 
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or COPD, limit image clarity with TTE; and (4) surgical 
drains, incisions, or dressings interfere with visualization 
by TEE. TEE is also more appropriate for evaluating acute 
perioperative hemodynamic derangements in post–cardiac 
surgery patients [see Table 7].

Although there are generally no contraindications to 
limited POC TTE, there are specifi c situations in which TEE 
should not be performed, including patients with cervical 
instability or esophageal pathology such as strictures, 
masses, diverticulum, Mallory-Weiss tear, or dysphagia or 
odynophagia whose cause has not yet been evaluated. Rela-
tive contraindications include esophageal varices, recent 
esophageal or gastric surgery, oropharyngeal cancer, upper 
gastrointestinal bleeding, severe cervical arthritis, and 
atlantoaxial disease [see Table 7].82

limitations of use

The utility of POC echocardiography will be limited 
when the user is unable to obtain optimal image quality. In 
particular, good acoustic “windows” are required for accu-
rate data analysis, and anything that hinders the refl ection 
of the acoustic signal will interfere with image quality and 
hamper image interpretation. Diffi culty obtaining adequate 
images can arise as a result of interference from air in the 
soft tissues, bony structures, and foreign bodies or in par-
ticular clinical contexts, such as mechanical ventilation, large 

Figure 12 (a) Parasternal long-axis view on echocardiography. This 
view is useful for evaluating left ventricular function (specifi cally the 
basilar portions of the anterior septum and posterior walls) and the 
mitral valve. (b) Apical four-chamber view on echocardiography. This 
view is useful for comparing left and right ventricular size and func-
tion and evaluating the atrioventricular valves. LA = left atrium; LV = 
left ventricle; LVOT = left ventricular outfl ow tract; MV = mitral valve; 
RA = right atrium;  RV = right ventricle; TV = tricuspid valve.

a

b

dissection, endocarditis, or intracardiac thrombus; (2) TTE is 
inadequate for visualizing the structure in question, such as 
thoracic aorta, left atrial appendage, and prosthetic valves; 
(3) underlying medical conditions, such as morbid obesity 

Table 7 Indications and Contraindications for 
Transesophageal Echocardiography

Indications
High image quality is essential for diagnosis

Aortic dissection
Endocarditis
Intracardiac mass

Transthoracic images are inadequate for visualization
Thoracic aorta
Left atrial appendage
Prosthetic valves

Underlying medical condition limits image quality
Morbid obesity
Chronic obstructive pulmonary disease

External objects interfere with TTE visualization 
Surgical drains
Surgical incision or dressing

Acute hemodynamic changes in perioperative cardiac 
surgery patients

Contraindications86

Absolute
Perforated viscous
Active gastrointestinal bleeding

Cervical spine instability
Esophageal pathology

Stricture
Mass
Scleroderma
Diverticulum

Relative
Esophageal varices
Recent esophageal or gastric surgery
Oropharyngeal cancer
Recent upper gastrointestinal bleeding
Severe cervical arthritis
Atlantoaxial disease

TTE = transthoracic echocardiography.
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surgical wounds and dressings, obesity, and COPD. Patient 
positioning and cooperation can also affect the quality of a 
limited POC echocardiographic examination.82

In addition to these patient-related factors, the user’s 
competency in machine operation and understanding of 
the principles of ultrasonography and cardiac anatomy may 
affect not only the quality of the examination but also data 
interpretation. As a result, the utility and reliability of lim-
ited POC echocardiography may be highly variable among 
users, a problem made more diffi cult by the current lack of 
standardization in training for intensivists in limited POC 
echocardiography. 

complications

The primary complications of limited POC echocardiogra-
phy are associated with TEE rather than TTE, which is gen-
erally a very safe, well-tolerated procedure. The incidence 
of serious complications from TEE, including hypoxemia, 
bronchospasm, cardiac arrhythmia, esophageal perforation, 
and bleeding from an esophageal or pharyngeal source, is 
less than 0.5% in a general population83 and 1.7% in an ICU 
population.84 The reported mortality rate associated with 
TEE is 0.001 to 0.003%.85 The risk of traumatic injury to the 
gastrointestinal tract is increased in sedated and endotrache-
ally intubated patients compared with cooperative awake 
patients.82 A complete review of the safety of TEE is 
available elsewhere.86

issues in data interpretation

As mentioned above, the interpretation of limited POC 
echocardiography is highly variable depending on the com-
petency of the operator. Assessment of global ventricular 
function can be subjective (e.g., qualitative assessment of 
global left ventricular function as normal or abnormal) or 
more objective (e.g., estimated ejection fraction using calcu-
lation packages available on some machines) depending on 
the operator’s level of training in the technique. 

evidence

Evidence in the literature suggests that limited POC 
echocardiography is useful for assessing volume status 
and determining whether a patient will respond to volume 
administration. For example, Barbier and colleagues looked 
at the utility of the distensibility index in mechanically ven-
tilated patients and found that a dIVC greater than 18% dis-
criminated between fl uid responders and nonresponders, 
defi ned as a 15% or greater increase in cardiac index, with a 
sensitivity and specifi city of 90%.81 Similarly, Feissel and col-
leagues demonstrated that a dIVC of 12% or greater allowed 
identifi cation of fl uid responders with positive and negative 
predictive values of 93% and 92%, respectively.87 In sponta-
neously breathing patients, Kircher and colleagues demon-
strated that an IVC collapsibility of 50% predicted RAP 
above or below 10 mm Hg with 87% sensitivity and 82% 
specifi city,88 whereas Brennan and colleagues demonstrated 
that an IVC diameter of 2 cm could predict RAP above or 
below 10 mm Hg with sensitivity and specifi city of 73% and 
85%, respectively.89 The optimal IVC collapsibility threshold 
was 40%, with sensitivity of 73% and specifi city of 84%. 
Similarly, Nagdev and colleagues showed that an IVC 
collapsibility index greater than 50% predicted CVP less 

than 8 mm Hg with 91% sensitivity and 94% specifi city in 
patients under going central venous catheterization in the 
emergency department.90

As with the other monitoring modalities described above, 
a key question that must be answered is whether the use of 
limited POC echocardiography is associated with changes in 
patient management and, more importantly, improvements 
in patient outcomes. Data regarding the latter issue are lack-
ing, but there is evidence to suggest that echocardiography 
does change practice. In a prospective study of limited TEE 
by trained intensivists, Benjamin and colleagues showed 
that TEE data disagreed with PAC-based assessment of 
volume status and cardiac function in 55% and 39% of cases, 
respectively.79 Similarly, Poelaert and colleagues showed 
that the use of TEE changed management in 29 of 66 (44%) 
critically ill medical and surgical patients who already had 
a PAC,91 whereas Bruch and colleagues showed that TEE 
altered treatment in 50 of 115 (43%) surgical ICU patients, 
including fl uid administration and initiation or discon-
tinuation of inotropes, anticoagulation, or antibiotics.92 The 
impact of TTE on physician behavior has not been studied 
to the same extent as that of TEE. Although some small 
studies suggest that there is good agreement between bed-
side echocardiographic assessment of cardiac function and 
volume status and data obtained from the PAC,93.94 whether 
these data or use of these devices leads to improvements in 
patient outcomes remains unclear.95

Another important concern with the increasing use of 
limited POC echocardiography pertains to the utility and 
reliability of the technique in the hands of providers who 
lack the formal training of cardiologists and echosono-
graphers. Several studies have addressed this question and 
shown that focused POC echocardiography performed by 
trained intensivists is safe and reliable. Melamed and col-
leagues, for example, provided intensivists with 2 hours of 
didactic training and 4 hours of hands-on training in image 
acquisition and visual estimate of left ventricular function 
with certifi ed sonographers.78 The intensivists then per-
formed limited POC TTE using hand-carried ultrasound 
units on 44 medical ICU patients who also underwent near-
simultaneous formal TTE performed by certifi ed sonogra-
phers. Using formal TTE as the gold standard, intensivists 
correctly identifi ed normal left ventricular function in 22 
of 24 cases (92%) and abnormal left ventricular function in 
16 of 20 cases (80%). Manasia and colleagues also showed 
that following 10 1-hour training sessions, surgical ICU 
intensivists were able to perform limited TTE in 94% of 
patients with 84% accuracy compared with a cardiologist’s 
interpretation.77 

Conclusion

Although invasive blood pressure monitoring with arte-
rial catheters remains a common tool in the care of critically 
ill patients, the use of the PAC has dropped off considerably 
following publication of data questioning the impact of this 
device on patient outcomes. In its place, there has been a 
steady increase in the use of newer monitoring modalities, 
including the less invasive hemodynamic monitors, ScvO2 
monitoring, and limited POC echocardiography. The de-
creased invasiveness of these devices relative to the PAC 
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and the ability to assess parameters with high clinical utility 
that cannot be measured by the PAC, such as PPV or SVV, 
make them particularly appealing methods for evaluating 
and managing hemodynamic compromise in the ICU. But 
although each of these newer modalities has its inherent 
appeal, it is important to remember that none of them have 
been shown to improve patient outcomes. This fact will 
likely not lead to a diminution in the use of these devices in 
the ICU but should lead to caution in their application. Cli-
nicians must become familiar with the limitations of each 
system and issues that arise in data interpretation that could 
lead to erroneous decisions if not taken into account for a 
given patient. The clinician should also be careful to avoid 
basing major management decisions on a single parameter 
from one of these monitoring systems, such as the ScvO2, and 
should ensure that the data from each device make sense in 
light of the other clinical data. Careful application of these 
devices and interpretation of data derived from them can 
assist in the care of critically ill patients, but failure to under-
stand the limitations and pitfalls of each system has the 
potential to make a bad situation worse. 
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